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ABSTRACT
The detection of low-mass transiting exoplanets in multiple systems brings new constraints to planetary formation and evolution
processes and challenges the current planet formation theories. Nevertheless, only a mere fraction of the small planets detected by
Kepler and K2 have precise mass measurements, which are mandatory to constrain their composition. We aim to characterise the
planets that orbit the relatively bright star K2-138. This system is dynamically particular as it presents the longest chain known to
date of planets close to the 3:2 resonance. We obtained 215 HARPS spectra from which we derived the radial-velocity variations of
K2-138. Via a joint Bayesian analysis of both the K2 photometry and HARPS radial-velocities (RVs), we constrained the parameters
of the six planets in orbit. The masses of the four inner planets, from b to e, are 3.1, 6.3, 7.9, and 13.0 M⊕ with a precision of 34%,
20%, 18%, and 15%, respectively. The bulk densities are 4.9, 2.8, 3.2, and 1.8 g cm−3, ranging from Earth to Neptune-like values. For
planets f and g, we report upper limits. Finally, we predict transit timing variations of the order two to six minutes from the masses
derived. Given its peculiar dynamics, K2-138 is an ideal target for transit timing variation (TTV) measurements from space with the
upcoming CHaracterizing ExOPlanet Satellite (CHEOPS) to study this highly-packed system and compare TTV and RV masses.
Key words. planets and satellites: detection – planets and satellites: fundamental parameters stars: individual: K2-138 – techniques:
radial velocities – techniques: photometric
1. Introduction
Precise knowledge of both the mass and radius of planets is nec-
essary before initiating more advanced studies. This is particu-
larly true for internal structure modelling which, beyond the de-
generacies inherent to this type of investigation, requires a pre-
cise determination of the planetary bulk density (Seager et al.
? Table A.3 is available in electronic form at the CDS via anonymous
ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.
u-strasbg.fr/cgi-bin/qcat?J/A+A/
2007; Brugger et al. 2017). This is also true for atmospheric
studies which rely on mass measurements to derive the scale
height, which is an essential parameter to interpret observations
in transmission spectroscopy (e.g. Seager et al. 2009). Few low-
mass planets have both a precise radius and mass. One of the rea-
sons is that the Kepler mission focussed on faint stars (V> 13),
prohibiting subsequent Doppler monitoring from the ground for
most of them.
Understanding the compositions of small planets allows us
to put strong constraints on their formation path, and even helps
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to understand the formation of the solar system (e.g. Raymond
et al. 2018). For example, Kepler provides evidence for a bi-
modality in the radius distribution of small planets, with a gap
around 1.6 R⊕ (Rogers 2015; Fulton et al. 2017; Fulton & Pe-
tigura 2018). Moreover, there are several examples of planets
with a similar radius but radically different compositions: Ke-
pler-11f and Kepler-10c have a radius of 2.61 ± 0.25 R⊕ and
2.35 ± 0.05 R⊕ respectively, whereas the first is gaseous and the
second is rocky (Lissauer et al. 2011; Dumusque et al. 2014).
This has also been observed for planets within the same sys-
tem (Bonomo et al. 2019) and planets with sizes in the range
of 1.5 R⊕ to 4 R⊕ can have compositions ranging from gaseous
(dominated by H-He) to rocky (dominated by iron and silicates),
and even to icy (water-worlds with a large amount of volatiles)
(Léger et al. 2004; Rogers et al. 2011; Rogers 2015). The tran-
sition between rocky and gaseous planets is not thoroughly un-
derstood and more well-characterised low-mass planets are re-
quired. The K2 mission provides us with a large number of small
planet candidates around relatively bright stars, allowing pre-
cise spectroscopic follow-up from the ground to determine their
masses (e.g. Osborn et al. 2017, Barros et al. 2017, Santerne et al.
2018, Lam et al. 2018).
Among these, some are multiple systems of small transiting
planets. They are really valuable as they highlight differences
in planetary formation and evolution within the same environ-
ment, allowing us to perform comparative studies (Bonomo et al.
2019). These systems are often compact and coplanar (Lissauer
et al. 2011; Fabrycky et al. 2014; Winn & Fabrycky 2015) and
bring further constraints to the evolution and migration models.
Indeed, they are believed to have migrated to their current posi-
tion rather than formed in-situ (e.g. Ormel et al. 2017). In addi-
tion, some of these tightly-packed systems present resonances,
which are a consequence of inward migration when drifting
planets pile-up in or near mean-motion resonances, thus creat-
ing chains of resonances (Raymond et al. 2008; Fabrycky et al.
2014; Ormel et al. 2017).
This is the case of the K2-138 planetary system. K2-138 is a
moderately bright star (V = 12.2) observed in the campaign 12
of the K2 mission. Four planets were initially identified by cit-
izen scientists involved in the Exoplanet Explorers project1. A
detailed analysis of the light curve revealed the presence of po-
tentially six planets. The first five form a compact inner system
with radii ranging from 1.6 R⊕ to 3.3 R⊕ and periods between
2.35 days and 12.76 days (Christiansen et al. 2018). For the outer
planet, only two transits are available in the K2 data, indicating
a potential period of 42 days. Additional Spitzer observations
confirm its planetary nature (Hardegree-Ullman et al., in prepa-
ration). The five inner planets form a chain of near first-order
3:2 mean-motion resonance, and all the planets lie just outside
these resonances. This is the longest known chain to date (Fab-
rycky et al. 2014). The five inner planets also are in a chain of
three-body Laplace resonances (Christiansen et al. 2018), which
is similar to the TRAPPIST-1 system (Luger et al. 2017).
The brightness of K2-138 makes it an interesting target for
ground-based spectroscopic follow-up. The precise mass mea-
surement of these small planets is within reach of an instru-
ment like the High Accuracy Radial velocity Planet Searcher
(HARPS) on a 3.6 m telescope. In this paper, we present radial
velocity (RV) observations acquired in 2017 and 2018, allowing
us to constrain precisely the masses of three of the six planets in
the system, and to put strong constraints on the others. We used
these measurements to predict transit timing variations (TTVs)
1 www.exoplanetexplorers.org
for the purpose of observing them with the CHaracterizing ExO-
Planet Satellite (CHEOPS). The observations and data reduction
are described in Sect. 2. The spectral analysis, activity charac-
terisation, and the joint analysis of the radial velocities and pho-
tometry are reported in Sect 3. Finally, we discuss the validity of
the results and the magnitude of transit timing variations in Sect.
4.
2. Observations and data reduction
2.1. K2 Photometry
K2-138 was observed for 79 days during the campaign 12 of the
K2 mission (Howell et al. 2014) between December 15, 2016
and March 04, 2017 in long cadence mode. On February 01,
2017 the spacecraft entered safe mode resulting in a 5.3 days
gap. Five distinct transiting signals were identified and analysed
as described in Christiansen et al. (2018) leading to the discov-
ery of five sub-Neptune planets with sizes ranging from 1.6 R⊕ to
3.3 R⊕ in a chain of near 3:2 resonances. Additionally, a poten-
tial sixth planet was identified with a 42 days period. Hardegree-
Ullman et al. (in preparation) were able to confirm it using ob-
servations from the Spitzer Space Telescope. False-positive sce-
narios are discussed and ruled out in Christiansen et al. (2018).
A sketch of the system is shown in Fig. 1 along with the planet
distances to the resonances.
Our group independently discovered K2-138 using a new
transit search routine that was optimised for multi-planetary sys-
tems. The code is based on a Python re-implementation2 of
the Box-fitting least squares (BLS) (Kovács et al. 2002) algo-
rithm. To search for multi-planetary systems, the code repeats
the BLS transit search several times per light curve after remov-
ing the model of transits found in the previous BLS search. For
each campaign we usually apply the BLS three times to all the
light curves reduced with the POLAR pipeline. The candidates
that pass the vetting procedure were re-analysed with our tran-
sit searching code with a higher number of BLS calls to allow
the discovery of more planets in the system. For K2-138 the
first search revealed two candidates with periods 5.4 days and
8.3 days. Other transits were also clearly seen in the light curve
by eye. For the second search we performed the BLS six times
and found two clearer candidates with periods 3.6 days and 2.35
days and a possible candidate with a period of 12.8 days. As a
very interesting planetary transiting system, we started the RV
follow-up with HARPS early on after its identification by our
group.
We used the Planet candidates from OptimaL Aperture Re-
duction (POLAR) pipeline (Barros et al. 2016) to reduce the pixel
data and extract the light curve. The POLAR pipeline is sum-
marised as follows: We downloaded the calibrated pixel data
(pixel files) from the Mikulski Archive for Space Telescopes
(MAST)3 and performed a photometric extraction using the
adapted CoRoT imagette pipeline from Barros et al. (2014),
which uses an optimal aperture following the point spread func-
tion. The centroid positions were then computed using the Mod-
ified Moment Method (Stone 1989) to correct the flux-position
systematics. This correction was performed using a self-flat-
fielding method similar to Vanderburg & Johnson (2014). The
first transit (planet d) was removed due to the significantly
higher noise level at the very beginning of the campaign. We
2 https://github.com/dfm/python-bls
3 http://archive.stsci.edu/kepler/data_search/search.
php
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also used the open source freely available4 EPIC Variability Ex-
traction and Removal for Exoplanet Science Targets (EVEREST)
pipeline (Luger et al. 2016, 2018) on the transit-filtered light
curve. EVEREST rely on an extension of the pixel level decor-
relation used on Spitzer data (Deming et al. 2015). We used both
the POLAR and EVEREST light curves for a complete combined
analysis with the radial velocities. We report the results from the
EVEREST reduction as it has slightly better K2 residuals and al-
lows for a better convergence of the analysis. Nevertheless, they
are consistent with the POLAR ones. Figure 2 shows the extracted
light curve from EVEREST. We also corrected the K2 light curve
for spot and faculae modulation: the light curve was first de-
trended using a second order polynomial regression to remove
low-frequency variations, outliers were removed with a sigma-
clipping and the activity was filtered as described in Sect. 3.3.
Finally, we performed the transit fitting jointly with the radial
velocity analysis as described in details in Sect. 3.3.
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Fig. 1. K2-138 planetary system. All distances are drawn to scale. Plan-
etary radii are enlarged by a factor 50 for readability. Orbits, assumed
circular, are shown in black whereas the location of the 3:2 resonances
are shown in dashed green.
2.2. HARPS radial-velocity follow-up
We collected 215 spectra of K2-138 over 79 nights between
September 25, 2017 and September 04, 2018 with the HARPS
spectrograph (R ∼ 115, 000) mounted on the 3.6 m Telescope at
ESO La Silla Observatory (Mayor et al. 2003). These observa-
tions were conducted as part of the ESO-K2 large programme
(ID 198.C-0169) with the aim of detecting the masses of the
five transiting planets known at this time. We used an expo-
sure time of 1800s, giving a mean signal-to-noise ratio (S/N)
of 28.5 per pixel at 550 nm. The spectra were reduced using
the HARPS pipeline. Radial velocities (RVs) were derived by
cross-correlating the spectra with a numerical template of a G2V
star (Baranne et al. 1996; Pepe et al. 2002) and the photon noise
was estimated as described in Bouchy et al. (2001). The average
photon noise is 3.92 m s−1. Finally, the full width half maxi-
mum (FWHM) and the bisector inverse slope (BIS) of the cross-
correlation functions were measured and their uncertainties com-
puted as described in Santerne et al. (2015). We rejected 21 mea-
surements that were affected by Moon contamination, showing
significant anomalies in their RV and FWHM. The remaining
194 measurements were used for the analysis described in Sect.
3.3 and are reported in Table A.3. We also measured indices sen-
sitive to stellar activity: Hα, Na i D and Ca ii from which we de-
4 https://rodluger.github.io/everest/using_everest.
html
rived SMW. The periodograms associated to the RVs and different
indices are given in Fig. A.1.
2.3. Gaia astrometry & contamination
We used the Gaia Data Release 2 (Gaia Collaboration et al.
2018) parallax, taking into account the correction from Schön-
rich et al. (2019), to derive the stellar distance. K2-138 has a
corrected parallax of 4.962 ± 0.065 mas, leading to a distance
of 201.66 ± 6.38 pc. Table 1 gives the astrometric properties of
K2-138. Andrae et al. (2018) derived the effective temperature
from the three-band photometry and the parallax, giving Teff =
5110+204−53 K. They also used the extinction AG = 0.0610
+0.2050
−0.0125
and the reddening E(BP − RP) = 0.0308+0.1006−0.0056 to determine the
luminosity L = 0.517+0.07−0.07 L and radius Rs = 0.92
+0.02
−0.07 R. The
stellar parameters from Gaia DR2 are consistent with the dis-
tance estimate, effective temperature and stellar radius which are
derived in the joint Bayesian analysis in section 3.3 and via the
spectral analysis. In complement to the planetary transit valida-
tion in Christiansen et al. (2018), we also checked the presence
of contaminants resolved by Gaia. There is only one source al-
ready reported in Christiansen et al. (2018), within 14′′ with a
G mag of 20.1, giving ∆m = 8.1. The contamination is therefore
negligible, at most at the level of 10−3, assuming the contaminant
falls within the K2 aperture.
3. Data analysis and results
3.1. Spectral analysis of the host star
The spectral analysis of the host star was performed to derive
its fundamental parameters and the chemical composition of
the photosphere. We used the HARPS spectra corrected from
systemic velocity and planetary reflex-motion. We removed the
spectra with a S/N lower than ten in order 47 (550 nm) and the
ones contaminated by the Moon (S/N above 1.0 in fibre B). We
then co-added the spectra in a single 1D spectrum. Then, the
spectral analysis was performed using two sets of tools.
Firstly, we proceeded as described in Deleuil et al. (2012,
2014). The single 1D spectrum was carefully normalised. The
spectral analysis was performed using the Versatile Wavelength
Analysis (VWA) package (Bruntt et al. 2010). The spectral param-
eters were determined by fitting the Iron lines until the derived
Fe i and Fe ii abundances minimised the correlation with both
the equivalent width and the excitation potentials. The surface
gravity was determined from the pressure-sensitive lines Mg i b,
Na i D and the calcium lines at 612.2 nm, 616.2 nm and 643.9
nm. We found log g = 4.52 ± 0.15 [cgs], Teff = 5350 ± 80
K, υmicro= 0.90 ± 0.10 km s−1, υmacro= 1.9 ± 0.1 km s−1,
υ sin i?= 2.5 ± 1.0 km s−1, [M/H]= 0.15 ± 0.04, and [Fe/H]
= 0.14 ± 0.10. The abundances of elements with isolated lines
were derived. They are shown in Table A.1. For the Lithium,
we do not find any significant Li i line. We computed the stellar
age t = 2.3+0.44−0.36 Gyr using the calibration with the chromospheric
emission (Donahue 1993; Wright et al. 2004). The age derived
from the joint analysis (Sect 3.3) is 2.8+3.8−1.7 Gyr. Both are consis-
tent. The final stellar parameters are given in Table 1. They are
all fully consistent with those obtained within the joint analysis
with PASTIS, as described in Sect 3.3. They are also consistent
with the results in Christiansen et al. (2018).
As an independent check of the stellar parameters, we em-
ployed the same tools as used for stars in the SWEET-Cat cat-
alogue (Santos et al. 2013). The method is in essence the same
as in the first part (equivalent widths of Fe i and Fe ii lines, and
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Fig. 2. K2-138 light curve and associated models. Top: Extracted K2 light curve, using the EVEREST pipeline, of K2-138 with in red the Gaussian
process regression trained on the out-of-transit light curve. The positions of transits are marked with coloured lines at the bottom of the top figure.
Bottom: Light curve after subtraction of the Gaussian process fit. The best six-planet photometric model of the transits is superimposed in red.
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Fig. 3. HARPS radial velocity time series obtained in two seasons (in red). The six-planets Keplerian model and the Gaussian process regression
are shown in black with a 68.3% confidence interval in grey.
iron excitation and ionisation equilibrium). Local thermodynam-
ical equilibrium is assumed in the framework of the 2014 version
of the code MOOG (Sneden 1974), together with the grid of Ku-
rucz ATLAS9 plane-parallel model atmospheres (Kurucz 1993)
and the equivalent width measurements of the iron lines from
the code ARES (Sousa et al. 2015). The derived values are log g =
4.327±0.069 [cgs], Teff = 5277±37 K, υmicro= 0.838±0.060 km
s−1 and [Fe/H] = 0.069 ± 0.024. The log g value, known to be
systematically biased, was corrected using a calibration based on
asteroseismic targets (Mortier et al. 2014). The corrected value
is log g = 4.51 ± 0.07 [cgs]. All these values agree with the pre-
vious ones, within uncertainties.
3.2. Activity & stellar rotation
The stellar rotation period was first derived using the K2 light
curve. We computed the autocorrelation function (ACF) (Fig. 4)
as described in McQuillan et al. (2013). It shows a dominant
periodicity at 24.44 ± 2.35 d. Then, we trained a Gaussian pro-
cess (GP) with a quasi-periodic kernel (Eq. 1 in Sect. 3.3) on the
six hours-binned, transit-filtered light curve. We used a uniform
prior on the GP period, between 15 and 40 days. All the priors
are listed in Table A.4. We found a period of 24.7+0.3−2.2 d.
We also used the spectroscopic data to constrain the stellar
rotation. The BIS periodogram (Fig. A.1) shows a peak with
a false alarm probability (FAP) below 10 % at around 12.5 d,
which is close to half the rotation period. The Hα index and
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Table 1. Stellar properties of K2-138.
Parameter Value and uncertainty
Astrometry
K2 campaign 12a
EPIC 245950175a
2MASS ID J23154776−1050590b
Gaia ID DR2 2413596935442139520c
RA (J2000) 23:15:47.77c
Dec (J2000) −10:50:58.90c
µRA [mas/yr] −1.02 ± 0.09c
µDEC [mas/yr] −10.52 ± 0.09c
Parallax [mas] 4.962 ± 0.065d
Distance [pc] 201.66 ± 6.38d
Photometric magnitudes
Kepler Kp 12.069a
Gaia G 12.0252 ± 0.0004c
Gaia BP 12.4634 ± 0.0022c
Gaia RP 11.4524 ± 0.0015c
Johnson B 13.063 ± 0.051e
Johnson V 12.217 ± 0.035e
Sloan g′ 12.669 ± 0.262e
Sloan r′ 11.962 ± 0.038e
Sloan i′ 11.809 ± 0.209e
2-MASS J 10.756 ± 0.021b
2-MASS H 10.384 ± 0.021b
2-MASS Ks 10.305 ± 0.021b
WISE W1 10.274 ± 0.023 f
WISE W2 10.332 ± 0.019 f
WISE W3 10.279 ± 0.077 f
Stellar parameters (adopted)
Effective temperature Teff [K] 5350 ± 80g
Surface gravity log g [cgs] 4.52 ± 0.15g
Iron abundance [Fe/H] [dex] 0.14 ± 0.10g
Metallicity [M/H] [dex] 0.15 ± 0.04g
Rotational velocity υ sin i? [km s−1] 2.5 ± 1.0g
Macroturbulence υmacro [km s−1] 1.9 ± 0.1g
Microturbulence υmicro [km s−1] 0.90 ± 0.10g
Stellar age (gyrochronology) [Gyr] 2.3+0.44−0.36
g
Spectral type G8
a. EXOFOP-K2: https://exofop.ipac.caltech.edu/k2/
b. Two Micron All Sky Survey (2MASS)
c. Gaia DR2
d. Schoenrich, McMillan & Eyer (2019). Distances for the Gaia RV
set with corrected parallaxes (Version 1.0): http://doi.org/10.5281/
zenodo.2557803
e. AAVSO Photometric All-Sky Survey (APASS)
f. AllWISE
g. Spectral analysis (Sect. 3.1)
FWHM periodogram (Fig. A.1) show a significant peak at 25
days of period, below 0.1% FAP. In contrast, there is no clear
signal in the SMW time series. We also found a decreasing linear
drift in the FWHM, Hα and SMW times series (Fig. A.1). This
may be indicative of a magnetic cycle (Lovis et al. 2011b). We
then trained a GP on the FWHM, BIS, Hα, Na i D and SMW. The
priors and posteriors of all the hyperparameters are reported in
Table A.4. We obtained loose constraints of respectively 25.8+7.7−12
d, 22 ± 13 d, 26.3+5.7−2.8 d, 22 ± 12 d, and 23 ± 12 d.
Then, we derived the stellar rotation period from the log R′HK
index and the B − V colour as described in Mamajek & Hil-
lenbrand (2008). We computed the log R′HK from the SMW mea-
surements and the APASS B − V colour (Henden et al. 2011),
following the calibrations from Noyes et al. (1984) and the cor-
rection from Lovis et al. (2011a) assuming an Iron abundance of
0.14±0.10 and a B−V = 0.839±0.062 corrected from the extinc-
tion. This led to an averaged value of log R′HK = −4.76 ± 0.04.
We deduced from it the Rossby number R0 = 1.51±0.11 (Mama-
jek & Hillenbrand 2008). From the B−V colour, we derived the
convective turnover time τc = 20.6 ± 1.7 d (Noyes et al. 1984),
and using the relation Prot = R0 × τc, we derived Prot = 31 ± 4
d. This value is compatible, within errors, with the ones derived
above.
Finally, we derived the projected rotational velocity of K2-
138 using calibrations from the FWHM. We obtained υ sin i?=
2.2±1.2 km s−1 which we combined with the stellar radius from
Gaia DR2 (Sect. 2.3) to derive an upper limit on the stellar rota-
tion period Prot = 21.3 ± 3.2 d, assuming i = pi2 .
In the end, as most of the indicators tend to show a stellar ro-
tation period at 25 days, we modelled the activity-induced RVs
using a Gaussian process regression as described in the next sec-
tion with Prot = 24.7±2.2 d as prior of the stellar rotation period.
This prior is drawn from the symmetrised value obtained with
the GP learning on the light curve alone, taking a conservative
width.
0 10 20 30 40 50 60 70 80
Period [days]
0.4
0.2
0.0
0.2
0.4
0.6
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1.0
Fig. 4. Autocorrelation function of K2-138 light curve. The dashed line
in black shows the dominant period, at 24.4 days, corresponding to the
stellar rotation. It was computed on the smoothed ACF, following rec-
ommendations from McQuillan et al. (2013).
3.3. PASTIS analysis
Similarly to previous studies (Osborn et al. 2017; Barros et al.
2017; Santerne et al. 2018; Lam et al. 2018), we used the
bayesian software PASTIS (Díaz et al. 2014; Santerne et al.
2015) to jointly analyse the HARPS radial velocities, the K2
light curve and the spectral energy distribution (SED). For the
SED, we used the magnitudes in optical from the APASS sur-
vey and in near-infrared from the 2MASS and AllWISE surveys
(Henden et al. 2015; Munari et al. 2014; Cutri & et al. 2014). The
list of magnitudes is given in Table 1. The RVs were modelled
with keplerian orbits and the stellar activity with a GP. We did
not filtered the activity using de-correlation of the spectroscopic
proxies as we did not find any significant correlations between
them and the RVs (the highest correlation with RVs is 0.14 for
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Fig. 5. Lomb-Scargle periodogram of HARPS radial velocity. The peak position marked by the purple line corresponds to a period of 25 days
(stellar rotation). The orbital periods of the six planets are shown with coloured vertical lines. False alarm probability levels are shown with
horizontal lines.
the FWHM). We used a quasi-periodic kernel with the following
covariance matrix:
KQP = A22 exp
−12
(
∆tRV
λ1
)2
− 2
λ22
sin2
(
pi |∆tRV|
Prot
)+ I√σ2 + σ2j .
(1)
The first term is the quasi-periodic kernel with the hyperparam-
eters: A2 (amplitude), Prot (stellar rotation period), λ1 (coherent
timescale) and λ2 (relative weight between the periodic and de-
cay terms). The matrix ∆tRV have elements ∆ti j = ti − t j from
the RV time series. The second term is the identity matrix I mul-
tiplied by the data uncertainty vector σ plus an extra source of
uncorrelated noise σ j (jitter).
The transits were modelled with the jktebop package
(Southworth 2008) using an oversampling factor of 30 to ac-
count for the long integration time of the data (Kipping 2010).
The SED was modelled using the BT-Settl library of stellar at-
mosphere models (Allard et al. 2012).
A Markov Chain Monte Carlo (MCMC) method is imple-
mented in PASTIS. It was used to derive the system parame-
ters and their uncertainties. The spectroscopic parameters were
converted into physical stellar parameters using the Dartmouth
evolution tracks (Dotter et al. 2008) at each step of the chains.
Similarly, the limb darkening coefficients, assuming a quadratic
law, were computed using the stellar parameters and tables from
Claret & Bloemen (2011).
The complete list of priors of fitted parameters is given in
Table A.4 in the Appendix. For the stellar temperature, surface
gravity and Iron abundance, we used normal priors centred on
the values from the spectral analysis. For the period and transit
epoch, we used normal priors centred on the values from Chris-
tiansen et al. (2018). For the systemic distance to Earth, we used
a normal prior centred on the Gaia Data Release 2 (Gaia Col-
laboration et al. 2018) distance value. For the orbital inclination,
we used a sine distribution and for the orbital eccentricity, we
used a truncated normal distribution with width σ = 0.083 as
reported by Van Eylen et al. (2019) for small multi-transiting ex-
oplanets (R < 6 R⊕). For the other parameters, we used uniform
uninformative priors with ranges shown in Table A.4.
The parameter space was explored in several steps and the
priors reported in Table A.4 are applicable to the last step of
the analysis. First, we normalised the light curve for the joint
analysis. For this, we ran 20 MCMCs with 3 × 105 iterations on
the photometric data alone, modelling the six transiting planets
starting from the values reported in Christiansen et al. (2018),
and the stellar modulation with a GP, using the following square
exponential kernel:
KSE = A21 exp
−12
(
∆tK2
l
)2 + I√σ2 + σ2j . (2)
The first term is the square exponential kernel with the hyperpa-
rameters: A1 (amplitude) and l (coherent time scale). The matrix
∆tK2 have elements ∆ti j = ti − t j from the photometric time se-
ries. The second term is similar to the one in Eq. 1. We used a
square exponential kernel instead of a quasi-periodic kernel as it
requires fewer parameters and the goal at this stage was to fit the
light curve and not to derive the stellar rotation period as already
done in Sect. 3.2 on the binned light curve. We checked the con-
vergence with a Kolmogorov-Smirnov test, removed the burn-
in phase and merged the remaining chains. Then, we subtracted
the resulting model of the six planets, removing the transits. Fi-
nally, the prediction at observed times on the residuals (activity
modulation and residual systematics) of the GP was subtracted
from the complete light curve, including the transits. The result
is shown in Fig. 2, bottom part. We used the resulting normalised
light curve in the final analysis with radial velocities. For this, we
ran 96 MCMCs with 6 × 105 iterations. We there also checked
the convergence with a Kolmogorov-Smirnov test, removed the
burn-in phase and merged the remaining chains. We used the
results as starting points for a new iteration of the analysis, to
increase the number of chains with the same posterior probabil-
ity distributions. The results of the final run are shown in Ta-
ble A.4, including stellar parameters derived in the joint analy-
sis. The RVs and transits in phase at the periods of each planets
are shown respectively in Fig. 6 and 7. The radial velocities, to-
gether with the six-planet model and the activity GP regression,
are shown in Fig. 3. We also ran a full analysis using the PARSEC
evolution tracks (Bressan et al. 2012) to check whether the pa-
rameters were consistent, which is the case, as it is also reported
in Table A.4.
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Fig. 6. HARPS radial velocities in phase at each of the six orbital peri-
ods (from top to bottom: planet b to g).
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Fig. 7. Phase-folded transit light curves of planets (from top to bottom)
b, c, d, e, f, and g. The best transit model is shown in red. The time scale
is not the same between the first three and last three plots. The coverage
of the last transit is not as good as in Christiansen et al. (2018) due to
the differences in the pipeline used to correct for K2 systematics.
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4. Discussion
4.1. Validity of the detections
We were able to derive the masses of planets b, c, d, and e:
Mb = 3.1 ± 1.1 M⊕, Mc = 6.3+1.1−1.2 M⊕, Md = 7.9+1.4−1.3 M⊕ and
Me = 13.0 ± 2.0 M⊕ with a precision of 34%, 20%, 18% and
15%, respectively. The radii are compatible with Christiansen
et al. (2018). The bulk densities are 4.9+2.0−1.8 g cm−3, 2.8 ± 0.7
g cm−3, 3.2±0.7 g cm−3, and 1.8±0.4 g cm−3, respectively, rang-
ing from Earth to Neptune-like values, as shown in the mass-
radius plane in Fig. 8. This brings constraints on their internal
structures. Considering their densities and that their mass are
. 10 M⊕, these planets likely have a rocky core and a sub-
stantial atmospheric layer, composed of volatiles. Such a layer is
not taken into account in current models of super-Earth interiors
(Brugger et al. 2017). The modelling of the planets is therefore
beyond the scope of this paper and will be the subject of a forth-
coming study. The detection of multiple relatively low-density
planets around a metallic star is also consistent with previous
studies showing an increase in frequency and upper-mass bound-
ary of Neptune-like planets with the metallicity of the host star
(Courcol et al. 2016). For planets f and g, we have upper limits
at 99% of 8.7 M⊕ and 25.5 M⊕ on the masses, leading to upper
limits of 2.1 g cm−3 and 5.1 g cm−3 on the densities.
The activity level in the RVs, as fitted by the GP is 5.6+2.9−1.5
m s−1. Unfortunately, this cannot be compared with the pho-
tometric activity level since there is a one-year gap between
the photometric and spectroscopic observations and the activ-
ity level could have changed. We can exclude a stellar origin for
the detected signals as the stellar rotation period does not corre-
spond to the periods of the signals at the exception of planet f
which we do not detect as it is likely absorbed by the GP regres-
sion, being close to half the rotation period (e.g. Damasso et al.
2018). As such, the upper-limit provided for planet f is likely
to be underestimated, and the mass may be higher. Assuming a
density for planet f in the range [1.79, 4.85] g cm−3, which is the
density range of the other planets detected in the system, we can
estimate masses between 8.0 M⊕ and 21.6 M⊕, for the derived
radius. This range of values is above the upper-limit we obtained
for planet f, in line with a likely absorption of the signal by the
GP. In this regard, it could have been beneficial to have simul-
taneous spectropolarimetric observations to optimise the activity
filtering as in Hébrard et al. (2016). It may have prevented the
non-detection of planet f. Besides, we are not able to search for
the presence of planets in the gaps of the broken resonance chain
for the same reason.
4.2. Transit timing variations
K2-138 is a remarkable dynamical system with five planets in a
chain close to the 3:2 resonance. In addition, these planets form
a chain of three-body Laplace resonances (Christiansen et al.
2018). This makes K2-138 an ideal target to study transit timing
variations. We estimated the transit timing variations using the
TTVFaster code (Agol & Deck 2016). We first assumed zero
eccentricities for the six planets and took the median masses
from Table A.2. We found amplitudes of the order of 2.0, 4.1,
7.3, 4.5, 6.4, and 0.02 minutes for planets from b to g, respec-
tively. Then, assuming median eccentricities from Table A.2, we
obtained amplitudes of the order 34, 42, 66, 37, and 41 min-
utes for planets b to f (Fig. 9). These amplitudes are excluded by
K2 observations which do not show any significant variations at
the level of 8-10 minutes, as demonstrated by Christiansen et al.
(2018). Therefore, the planets are likely close to circular orbits,
which is compatible with the posterior distributions we obtained.
This is also in line with results showing that tightly packed multi-
transiting planets have low eccentricities (Van Eylen et al. 2019).
Finally, using the upper limits derived for the masses of planets
f and g, we computed the corresponding TTVs of planets e and
f. Planet g does not impact TTVs of planet f in a significant (de-
tectable) way as it is far from resonance, being located after a
double gap in the chain of resonance. Therefore, it is not pos-
sible to use TTVs of planet f to constrain the mass of planet g
even if there are undetected and non-transiting planets filling the
gap in the chain. Still assuming circular orbits, TTVs of planet
e reach an amplitude of the order eight minutes only for masses
of planet f above 12 M⊕, which is above the upper limit we de-
rived. However, as we cannot exclude an absorption of the signal
of planet f by the GP, it is more conservative to include masses
for planet f up to around 12 M⊕. Using the upper limit mass
for planet f, the predicted TTVs of planet e are of the order of
6.4 minutes, and using the median mass they are of 4.5 minutes.
Both are well within reach of space mission like CHEOPS which
has a cadence of up to 60 seconds. Observations of transits of
planet e using CHEOPS would be beneficial to constrain further
the mass of planet f through a photodynamical analysis (Bar-
ros et al. 2015). Additionally, more transit observations, with a
higher cadence, of planets b, c and d would allow to constrain
the masses of planets c, d and e from TTVs which would make
K2-138 an interesting benchmark system for comparing RV and
TTV masses. This would allow to better calibrate the two mass
measurement techniques. Nevertheless, at this stage, and with-
out more precise photometric observations of planets e and f, an
analysis including TTVs would not allow to measure the masses
of planets f and g.
4.3. A favourable system to search for co-orbitals
Multi-planetary systems with a relatively large number of plan-
etary components have been studied in theoretical works as
potential environments for the formation of co-orbital planet
pairs (e.g. Cresswell & Nelson 2006). In these configurations,
two planet-like objects share the same orbital path captured on
the gravitational well of each other in different possible 1:1
mean motion resonance (MMR) configurations (e.g. Laughlin &
Chambers 2002). Although theoretical results allow these con-
figurations to exist in nature (e.g. Laughlin & Chambers 2002;
C´uk et al. 2012; Leleu et al. 2019a) and different works have
searched for them (e.g. Madhusudhan & Winn 2009; Janson
2013; Lillo-Box et al. 2018a,b), none has yet been detected but
some candidates have been announced (e.g. Leleu et al. 2019c).
The outcome of studies that analyse the dynamical interac-
tions between planetary embryos during the formation and first
stages of the evolution of multi-planetary systems suggests that
in a relatively large percentage of the systems pairs of embryos
end up being captured in these 1:1 resonances. In particular,
Cresswell & Nelson (2008) found that in 30% of their simula-
tions the final system contained one pair of co-orbital planets,
while Leleu et al. (2019b) also found this same result for 13%
of their simulated systems (including disk dissipation). The sys-
tems found by Leleu et al. (2019b) ending up in co-orbital con-
figurations were in a vast majority trapped in 3:2 and 4:3 MMR
with a third planet and demonstrated that resonant chains can
stabilise co-orbital configurations that would be unstable other-
wise.
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Fig. 9. Theoretical transit timing variations predicted using
TTVFaster, assuming zero eccentricities for all the planets. Top: Planet
b (in blue), planet c (in red), planet d (in green). Bottom: Planet e (in
orange), planet f (in purple), planet g (in brown).
Given its architecture with multiple planets in MMR, K2-
138 represents an excellent system to look for these co-orbital
configurations in further studies. A dedicated analysis of the K2
light curve and radial velocity in this regard is, however, out of
the scope of this paper and will be studied in future works by fol-
lowing procedures similar to those described in Lillo-Box et al.
(2018a) and Janson (2013).
5. Conclusion
In this paper, we report the characterisation of the planets around
K2-138. Their parameters were derived via a Bayesian combined
analysis of both K2 photometry and HARPS radial-velocities.
We computed the following masses for planets c, d and e: Mc =
6.3+1.1−1.2 M⊕, Md = 7.9+1.4−1.3 M⊕ and Me = 13.0 ± 2.0 M⊕ with a pre-
cision of 20%, 18% and 15%, respectively. For planet b, we have
a strong constraint of Mb = 3.1 ± 1.1 M⊕ (precision 34%). The
masses and radii derived lead to bulk densities of 4.9+2.0−1.8 g cm−3,
2.8 ± 0.7 g cm−3, 3.2 ± 0.7 g cm−3, and 1.8 ± 0.4 g cm−3 rang-
ing from Earth to Neptune-like densities for planet b to e. For
the two outer planets, we were not able to detect their masses,
mostly due to the level of stellar activity. The upper masses de-
rived are Mf < 8.7 M⊕ and Mg < 25.5 M⊕ at 99% confidence
interval, though the one for planet f should be taken with caution
as its signal may have been partly absorbed by the activity fil-
tering. The timing precision obtained with K2 does not allow to
use TTVs to bring further constraints on the masses of planets f
and g. Additional observations of transits in this system, with a
higher cadence than K2, would allow both to constrain the mass
of planet f and to use K2-138 as a benchmark system to compare
RV and TTV masses. Finally, thanks to its dynamical peculiar-
ities, K2-138 is also a good candidate to search for co-orbital
bodies.
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Article number, page 11 of 23
A&A proofs: manuscript no. K2-138_paper
Table A.1. Chemical abundances of host star, relative to Sun, for main elements with number of lines used for each element.
Element Abundance Lines number
[X/H] [dex]
C i 0.18 ± 0.47 3
Na i 0.17 ± 0.12 3
Si i 0.16 ± 0.10 24
Ca i 0.16 ± 0.10 26
Ti i 0.15 ± 0.10 43
Ti ii 0.05 ± 0.11 13
V i 0.29 ± 0.10 21
Cr i 0.13 ± 0.10 19
Cr ii 0.12 ± 0.12 6
Fe i 0.14 ± 0.10 235
Fe ii 0.12 ± 0.10 22
Co i 0.19 ± 0.10 11
Ni i 0.12 ± 0.10 67
Y ii 0.09 ± 0.11 5
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Fig. A.1. From left to right and top to bottom: Time series and associated Lomb-Scargle periodogram of (a and b) Radial velocity (RV); (c and
d) Bisector Span (BIS); (e and f) Full Width Half Maximum (FWHM); (g and h) Hα index; (i and j) S index (SMW ). The peak position marked
by the purple line corresponds to a period of 25 d (stellar rotation). The orbital periods of the six planets are marked in the RV periodogram. For
the FWHM, we fitted a linear drift of −32.39 m/s/yr. For the Hα index, the drift is −7.28 ± 1.34. For the SMW index, the drift is −57.83 ± 4.85
(reference epoch is RJD_TDB 55500 for all of them).
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Table A.2. System parameters of K2-138 obtained from PASTIS.
Parameter
Stellar parameters
Effective temperature Teff [K] 5356+42−13
Surface gravity log g [cgs] 4.54+0.02−0.04
Metallicity [M/H] [dex] 0.14 ± 0.04
Distance to Earth D [pc] 208.9+6.5−4.9
Extinction E(B − V) [mag] 0.007+0.01−0.005
Systemic RV γ [km s−1] 0.6386+0.0023−0.0026
Stellar density ρ?/ρ 1.46+0.1−0.19
Stellar mass M? [M] 0.93 ± 0.02
Stellar radius R? [R] 0.86+0.03−0.02
Stellar age τ [Gyr] 2.8+3.8−1.7
Limb-darkening ua 0.496+0.005−0.010
Limb-darkening ub 0.205+0.007−0.003
Planet parameters Planet b Planet c Planet d Planet e Planet f Planet g
Orbital Period P [d] 2.35309 ± 0.00022 3.56004+0.00012−0.00011 5.40479 ± 0.00021 8.26146+0.00021−0.00022 12.75758+0.00050−0.00048 41.96797+0.00843−0.00725
Transit epoch T0 [BJD - 2457700] 2457773.31683+0.00091−0.00090 2457740.32182
+0.00087
−0.00089 2457743.15989
+0.00091
−0.00093 2457740.64558
+0.00085
−0.00081 2457738.70235
+0.00093
−0.00092 2457773.86156
+0.01863
−0.03219
RV semi-amplitude K [km s−1] 0.00156 ± 0.00053 0.00278+0.00050−0.00055 0.00303 ± 0.00052 0.00431 ± 0.00067 0.00047+0.00061−0.00034 0.00083+0.00102−0.00058
[0.000153, 0.003060] [0.001349, 0.004154] [0.001585, 0.004314] [0.002296, 0.006098] < 0.002392 < 0.004539
Orbital inclination i [◦] 87.2+1.2−1.0 88.1 ± 0.7 89.0 ± 0.6 88.6 ± 0.3 88.8 ± 0.2 89.4+0.4−0.3
Planet-to-star radius ratio k 0.01600+0.00083−0.00076 0.02439
+0.00065
−0.00059 0.02532
+0.00067
−0.00063 0.03599
+0.00081
−0.00073 0.03085
+0.00088
−0.00089 0.03187
+0.00295
−0.00250
Orbital eccentricity e 0.048+0.054−0.033 0.045
+0.051
−0.032 0.043
+0.041
−0.030 0.077
+0.048
−0.049 0.062
+0.064
−0.043 0.059
+0.063
−0.040
< 0.1887 < 0.1917 < 0.1441 < 0.1829 < 0.2098 < 0.2256
Argument of periastron ω [◦] 244+32−97 200+60−27 83+82−38 180+40−44 144+117−80 164
+92
−72
System scale ab/R? 8.46+0.18−0.37 11.14
+0.24
−0.49 14.72
+0.32
−0.65 19.53
+0.42
−0.86 26.10
+0.56
−1.15 57.73
+1.24
−2.55
Impact parameter b 0.42+0.16−0.18 0.37
+0.13
−0.14 0.24
+0.16
−0.15 0.47
+0.10
−0.13 0.56
+0.08
−0.11 0.56
+0.28
−0.36
Transit duration T14 [h] 2.010+0.116−0.122 2.385
+0.051
−0.060 2.703
+0.073
−0.072 2.974
+0.051
−0.052 3.205
+0.082
−0.077 4.751
+0.801
−1.415
Semi-major axis a [AU] 0.03385+0.00023−0.00029 0.04461
+0.00030
−0.00038 0.05893
+0.00040
−0.00050 0.07820
+0.00053
−0.00066 0.10447
+0.00070
−0.00088 0.23109
+0.00154
−0.00196
Planet mass M [M⊕] 3.1 ± 1.1 6.3+1.1−1.2 7.9+1.4−1.3 13.0 ± 2.0 1.6+2.1−1.2 4.3+5.3−3.0
[0.29, 5.84] [3.24, 9.44] [4.14, 11.29] [7.86, 18.76] < 8.69 < 25.47
Planet radius R [R⊕] 1.510+0.110−0.084 2.299+0.120−0.087 2.390+0.104−0.084 3.390+0.156−0.110 2.904+0.164−0.111 3.013+0.303−0.251
Planet bulk density ρ [g cm−3] 4.85+1.98−1.75 2.79
+0.67
−0.61 3.15
+0.69
−0.60 1.79
+0.36
−0.32 0.35
+0.49
−0.26 0.86
+1.07
−0.60
[0.30, 10.61] [1.347, 4.611] [1.605, 4.960] [0.986, 2.930] < 2.068 < 5.056
Mean equilibrium temperature Teq [K] 1308+24−20 1140+21−17 992
+18
−15 861
+16
−13 745+14−11 501
+9
−7
Day-side temperature Teq,d [K] 1346+41−34 1169
+38
−27 1016
+32
−24 898
+29
−28 771
+31
−21 518
+20
−13
Notes. Stellar parameters given here were derived as described in section 3.1 and are not from the spectral analysis. For the RV semi-amplitude, orbital eccentricity, planet mass and planet bulk
density, the 99% credible intervals are given on the second lines. We assumed R = 695 508 km, M = 1.98842 × 1030 kg, R⊕ = 6 378 137 m, M⊕ = 5.9736 × 1024 kg and 1 AU = 149 597 870.7
km. The temperatures were derived assuming a zero albedo. The day-side temperature was computed assuming tidally synchronised rotation.
A
rticle
num
ber,page
14
of23
T. A. Lopez et al.: Exoplanet characterisation in the longest known resonant chain: the K2-138 system seen by HARPS
Table A.3. Radial velocity data. The Barycentric Julian Date (BJD) is given
with an offset of 2400000. Signal-to-noise ratio (S/N) is given per CCD pixel at
550 nm.
Time RV σRV FWHM σFWHM BIS σBIS SMW σSMW Texp S/N
[BJD_UTC] [km s−1] [m s−1] [km s−1] [m s−1] [m s−1] [m s−1] [s]
58021.57307 0.65402 4.89 7.0944 9.8 2.5 9.8 0.3246 0.0284 1800 22.7
58021.63898 0.65629 7.16 7.0792 14.3 -52.2 14.3 0.2908 0.0449 1800 17.1
58021.71685 0.63831 5.70 7.0886 11.4 11.4 11.4 0.3384 0.0365 1800 20.3
58021.77973 0.65421 4.59 7.1057 9.2 -11.6 9.2 0.3270 0.0323 1800 24.4
58022.55618 0.62980 5.87 7.1221 11.7 -36.9 11.7 0.2956 0.0335 1800 19.7
58022.62187 0.65243 7.45 7.0994 14.9 7.1 14.9 0.3419 0.0437 1800 16.3
58022.68938 0.63570 11.36 7.0318 22.7 33.4 22.7 0.3304 0.0777 1800 11.6
58022.76742 0.63880 6.00 7.0997 12.0 -20.3 12.0 0.3288 0.0391 1800 19.8
58023.55604 0.64543 3.75 7.0969 7.5 4.1 7.5 0.2845 0.0197 1800 27.5
58023.65227 0.64414 5.29 7.1125 10.6 -43.5 10.6 0.2592 0.0329 1800 21.3
58023.72421 0.63995 4.86 7.1227 9.7 -9.4 9.7 0.3031 0.0315 1800 22.9
58023.77821 0.64313 4.26 7.1585 8.5 -20.3 8.5 0.2839 0.0316 1800 25.8
58025.57317 0.62448 3.09 7.1157 6.2 2.0 6.2 0.2735 0.0167 1800 32.3
58025.67110 0.63919 3.18 7.1168 6.4 -7.4 6.4 0.2665 0.0203 1800 32.3
58026.59379 0.63742 10.57 7.0960 21.1 0.9 21.1 0.3216 0.0629 1800 12.5
58026.69025 0.64723 5.69 7.1088 11.4 1.8 11.4 0.2620 0.0347 1800 20.3
58026.77234 0.63268 4.78 7.1065 9.6 29.0 9.6 0.2756 0.0397 1800 23.8
58027.70118 0.64970 7.83 7.0283 15.7 -30.5 15.7 0.2897 0.0613 1800 16.1
58027.77110 0.64294 13.03 7.0784 26.1 -31.5 26.1 0.1212 0.0955 1800 11.2
58041.52543 0.63838 3.72 7.1043 7.4 8.3 7.4 0.2646 0.0196 1800 27.7
58041.59452 0.64121 6.08 7.1061 12.2 11.3 12.2 0.2796 0.0372 1156 19.1
58043.54768 0.63902 4.02 7.1251 8.0 -15.4 8.0 0.3235 0.0218 1800 26.4
58043.64113 0.63630 2.54 7.0854 5.1 5.7 5.1 0.3161 0.0143 1800 38.8
58043.70259 0.64276 3.11 7.1007 6.2 -13.4 6.2 0.3261 0.0199 1800 32.8
58052.57655 0.64732 2.51 7.1063 5.0 5.4 5.0 0.3423 0.0130 1800 38.5
58052.63828 0.64452 3.43 7.1038 6.9 6.8 6.9 0.3510 0.0198 1800 29.9
58052.69670 0.64588 5.59 7.0967 11.2 -13.5 11.2 0.3376 0.0348 1800 20.7
58052.74297 0.64155 5.49 7.1152 11.0 2.0 11.0 0.3378 0.0356 1800 21.1
58053.50971 0.63109 3.04 7.0971 6.1 2.1 6.1 0.3369 0.0146 1800 32.6
58053.59284 0.64182 2.92 7.0973 5.8 5.2 5.8 0.3328 0.0158 1800 34.0
58053.66782 0.63053 3.78 7.0972 7.6 20.4 7.6 0.3276 0.0235 1800 27.7
58053.74614 0.64348 4.19 7.0860 8.4 13.9 8.4 0.3538 0.0318 1800 25.9
58054.50380 0.63563 4.52 7.1060 9.0 2.7 9.0 0.3432 0.0217 1800 23.8
58054.58481 0.62833 6.67 7.0935 13.3 -31.1 13.3 0.3711 0.0321 1800 17.5
58054.65063 0.63048 3.92 7.0894 7.8 -5.3 7.8 0.2964 0.0229 1800 26.8
58054.72454 0.64034 8.35 7.0827 16.7 11.4 16.7 0.2900 0.0653 1800 15.5
58055.50746 0.63408 3.10 7.0703 6.2 -0.1 6.2 0.3242 0.0151 1800 31.9
58055.56092 0.63519 3.24 7.0753 6.5 -1.9 6.5 0.3403 0.0187 1200 31.3
58056.51406 0.63213 2.78 7.0738 5.6 -2.4 5.6 0.3277 0.0136 1800 35.1
58056.59736 0.63356 2.46 7.0552 4.9 -6.7 4.9 0.3159 0.0145 1800 39.4
58056.67119 0.62393 3.09 7.0692 6.2 -2.4 6.2 0.3017 0.0185 1800 32.6
58056.72247 0.62973 4.17 7.0652 8.3 -12.4 8.3 0.3486 0.0301 1800 26.2
58057.51312 0.62964 2.23 7.0630 4.5 -9.0 4.5 0.2859 0.0098 1800 42.8
58057.57375 0.63559 2.22 7.0666 4.4 -9.2 4.4 0.2863 0.0103 1800 43.5
58057.63339 0.63017 2.61 7.0648 5.2 -3.2 5.2 0.2814 0.0140 1800 38.4
58057.69611 0.63642 3.48 7.0783 7.0 -10.0 7.0 0.3110 0.0215 1500 30.8
58068.51855 0.63946 3.31 7.0762 6.6 -13.3 6.6 0.2691 0.0172 1800 30.0
58068.56723 0.63508 3.83 7.1012 7.7 -11.5 7.7 0.2809 0.0211 1800 26.6
58068.61196 0.63473 3.08 7.0814 6.2 -15.6 6.2 0.2858 0.0179 1800 32.2
58068.65218 0.64252 2.84 7.0992 5.7 -9.4 5.7 0.2844 0.0185 1800 35.1
58069.52637 0.64922 3.55 7.0972 7.1 -9.3 7.1 0.2492 0.0195 1800 28.5
58069.57354 0.64689 3.78 7.0972 7.6 -1.6 7.6 0.2680 0.0214 1800 27.0
58069.68297 0.64464 5.66 7.1033 11.3 -10.2 11.3 0.2537 0.0387 1800 20.2
58070.53804 0.65175 2.71 7.0963 5.4 -6.6 5.4 0.2709 0.0150 1800 35.8
58070.64141 0.64239 3.09 7.0883 6.2 -21.0 6.2 0.2675 0.0190 1800 32.4
58071.52559 0.64153 3.03 7.0956 6.1 -1.8 6.1 0.2657 0.0167 1800 32.4
58071.57297 0.64643 3.29 7.0789 6.6 -2.2 6.6 0.3047 0.0197 1800 30.4
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Table A.3 – continued from previous page
Time RV σRV FWHM σFWHM BIS σBIS SMW σSMW Texp S/N
58071.67853 0.63878 3.32 7.1014 6.6 -18.2 6.6 0.3304 0.0274 1800 30.9
58072.51203 0.63011 4.26 7.1227 8.5 -34.7 8.5 0.2559 0.0242 1800 24.9
58072.53371 0.63216 3.77 7.0956 7.5 -13.4 7.5 0.2297 0.0221 1800 27.2
58073.51729 0.63543 2.28 7.1075 4.6 -12.7 4.6 0.2780 0.0116 1800 41.6
58073.56164 0.64998 2.77 7.1045 5.5 -0.2 5.5 0.2824 0.0190 1800 35.6
58073.60189 0.63901 2.74 7.0926 5.5 -16.7 5.5 0.2565 0.0202 1800 36.3
58074.53118 0.63641 2.68 7.1044 5.4 -10.9 5.4 0.2803 0.0153 1800 35.9
58074.57702 0.64533 2.65 7.0932 5.3 -14.0 5.3 0.2745 0.0152 1800 36.3
58074.62708 0.63662 3.29 7.1002 6.6 -1.4 6.6 0.2538 0.0225 1800 30.6
58075.51759 0.64606 3.33 7.1055 6.7 17.5 6.7 0.2622 0.0196 1800 30.2
58075.56099 0.64038 3.27 7.1078 6.5 3.8 6.5 0.2690 0.0199 1800 30.9
58075.60824 0.64787 3.39 7.0843 6.8 -18.8 6.8 0.2841 0.0193 1800 29.7
58076.54917 0.65308 2.98 7.1028 6.0 6.9 6.0 0.2638 0.0177 1800 33.2
58076.57087 0.65751 3.45 7.0690 6.9 -1.4 6.9 0.2709 0.0218 1800 29.2
58076.61758 0.64741 4.61 7.1043 9.2 -34.8 9.2 0.2831 0.0328 1800 23.6
58077.52776 0.64480 2.70 7.1019 5.4 -16.7 5.4 0.2710 0.0167 1800 36.3
58077.57256 0.64709 2.99 7.0781 6.0 8.6 6.0 0.2700 0.0193 1800 33.3
58077.61695 0.65536 3.37 7.0696 6.7 3.2 6.7 0.2467 0.0233 1800 30.1
58078.56898 0.64022 2.96 7.0962 5.9 -10.3 5.9 0.2783 0.0233 1800 33.6
58078.59137 0.63706 3.11 7.0994 6.2 -6.2 6.2 0.2497 0.0219 1800 32.1
58078.62745 0.64250 3.01 7.0851 6.0 -5.9 6.0 0.2720 0.0199 1800 33.2
58079.51543 0.63405 2.77 7.1093 5.5 -1.6 5.5 0.2451 0.0144 1800 35.1
58079.54796 0.62945 3.00 7.0837 6.0 17.2 6.0 0.2611 0.0221 1800 33.1
58079.59431 0.63133 2.78 7.0932 5.6 -0.7 5.6 0.2768 0.0145 1800 34.9
58081.55658 0.64119 2.45 7.0684 4.9 0.9 4.9 0.2389 0.0155 1800 39.1
58081.57821 0.63429 2.54 7.0772 5.1 -0.3 5.1 0.2428 0.0165 1800 38.1
58081.60094 0.63914 2.75 7.0767 5.5 -19.9 5.5 0.2451 0.0184 1800 35.5
58088.53242 0.64258 4.60 7.0893 9.2 8.0 9.2 0.2390 0.0261 1800 23.4
58088.55272 0.64266 3.79 7.1093 7.6 -2.4 7.6 0.2613 0.0218 1800 27.3
58088.57529 0.64226 3.98 7.0745 8.0 2.7 8.0 0.2677 0.0232 1800 26.1
58088.62166 0.64672 4.14 7.0986 8.3 -12.8 8.3 0.2624 0.0272 1800 25.8
58090.56233 0.62727 5.59 7.1181 11.2 -21.0 11.2 0.2968 0.0357 1800 20.5
58090.58262 0.62962 5.38 7.1014 10.8 4.0 10.8 0.2474 0.0354 1800 21.3
58090.60496 0.62293 5.27 7.0521 10.5 0.4 10.5 0.2031 0.0378 1800 21.7
58091.54531 0.63908 2.83 7.1068 5.7 0.2 5.7 0.2734 0.0189 1800 35.0
58091.56736 0.64540 3.13 7.0864 6.3 6.8 6.3 0.2680 0.0220 1800 32.0
58091.58933 0.65154 3.79 7.0775 7.6 15.2 7.6 0.2267 0.0256 1800 27.6
58092.53743 0.65831 4.19 7.1000 8.4 -10.7 8.4 0.2361 0.0243 1800 24.9
58092.55954 0.65182 4.56 7.0921 9.1 -24.4 9.1 0.2673 0.0275 1800 23.4
58092.58185 0.64852 4.11 7.0815 8.2 -1.6 8.2 0.2635 0.0257 1800 25.5
58092.60390 0.64151 4.57 7.0793 9.1 -13.1 9.1 0.2529 0.0304 1800 23.8
58257.88259 0.63150 4.20 7.1000 8.4 -19.1 8.4 0.2595 0.0195 1800 24.1
58257.90337 0.63058 3.71 7.1019 7.4 -4.1 7.4 0.2678 0.0162 1800 26.4
58258.90198 0.63305 3.24 7.0838 6.5 -18.3 6.5 0.2470 0.0133 1800 29.3
58258.92463 0.63191 4.06 7.0784 8.1 -2.6 8.1 0.2757 0.0180 1800 24.6
58259.90731 0.64576 6.71 7.0633 13.4 -5.4 13.4 0.1788 0.0321 1800 16.7
58259.92809 0.63558 6.60 7.0586 13.2 -8.4 13.2 0.2748 0.0310 1800 16.9
58260.89447 0.63393 2.74 7.0810 5.5 -8.5 5.5 0.2679 0.0110 1800 33.7
58260.91546 0.63087 2.54 7.0739 5.1 -7.2 5.1 0.2748 0.0100 1800 35.9
58261.90506 0.63243 2.98 7.0733 6.0 -16.8 6.0 0.2321 0.0116 1800 31.0
58261.92647 0.62968 2.99 7.0719 6.0 -15.6 6.0 0.2496 0.0118 1800 31.2
58271.84868 0.62979 6.45 7.0761 12.9 0.4 12.9 0.2666 0.0311 1800 17.3
58271.91011 0.63896 5.21 7.0613 10.4 -30.7 10.4 0.2539 0.0237 1800 20.4
58272.85336 0.63311 3.36 7.0823 6.7 -2.4 6.7 0.2753 0.0139 1800 28.5
58272.90937 0.63125 3.86 7.0780 7.7 6.0 7.7 0.2206 0.0155 1800 25.2
58273.87346 0.63622 3.83 7.0829 7.7 -15.2 7.7 0.2625 0.0164 1800 25.9
58273.93527 0.63527 4.17 7.0835 8.3 0.6 8.3 0.2519 0.0184 1800 24.2
58274.84530 0.62242 4.85 7.0869 9.7 -11.2 9.7 0.1993 0.0226 1700 21.6
58274.93420 0.63490 3.35 7.0902 6.7 -1.0 6.7 0.2258 0.0152 1700 29.0
58275.85645 0.62957 6.44 7.0635 12.9 -4.4 12.9 0.2475 0.0282 1800 17.4
58276.88598 0.63749 3.78 7.0675 7.6 -10.8 7.6 0.2422 0.0174 1800 26.4
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Time RV σRV FWHM σFWHM BIS σBIS SMW σSMW Texp S/N
58277.88791 0.63431 2.90 7.0675 5.8 -3.9 5.8 0.2692 0.0120 1800 32.1
58282.87925 0.63641 2.43 7.0800 4.9 -15.1 4.9 0.2547 0.0096 1800 37.6
58282.90241 0.64674 2.25 7.0796 4.5 -18.2 4.5 0.2645 0.0094 1800 40.8
58283.85144 0.63995 2.82 7.0887 5.6 -1.7 5.6 0.2640 0.0108 1800 32.7
58283.93521 0.63938 3.10 7.0884 6.2 -15.9 6.2 0.2443 0.0137 1700 30.8
58284.88839 0.63670 2.80 7.0835 5.6 -17.0 5.6 0.2607 0.0121 1800 33.5
58284.92110 0.63292 3.38 7.0843 6.8 -12.9 6.8 0.2534 0.0159 1800 28.7
58286.85685 0.63050 3.53 7.0764 7.1 -4.5 7.1 0.2363 0.0153 1800 27.3
58286.92281 0.63926 3.99 7.0794 8.0 7.7 8.0 0.2476 0.0186 1800 25.0
58287.85433 0.64122 3.96 7.0579 7.9 -18.7 7.9 0.2233 0.0179 1800 25.0
58287.92379 0.64268 4.12 7.0489 8.2 -4.3 8.2 0.2696 0.0199 1800 24.4
58288.87659 0.63222 3.30 7.0591 6.6 -4.4 6.6 0.2451 0.0143 1800 29.0
58288.89757 0.63579 3.45 7.0922 6.9 1.1 6.9 0.2824 0.0157 1800 28.1
58289.87215 0.63318 2.47 7.0769 4.9 -14.6 4.9 0.2580 0.0099 1800 36.8
58289.89334 0.63750 2.42 7.0770 4.8 -9.2 4.8 0.2347 0.0101 1800 37.9
58290.77814 0.64916 3.98 7.0836 8.0 7.9 8.0 0.2668 0.0185 1800 25.3
58290.79955 0.64048 3.29 7.0895 6.6 -10.1 6.6 0.2589 0.0141 1800 29.0
58291.89620 0.63694 3.54 7.0835 7.1 -14.5 7.1 0.2840 0.0170 1800 27.7
58291.91677 0.64216 2.94 7.0964 5.9 5.3 5.9 0.2561 0.0138 1800 32.4
58292.83057 0.64020 3.59 7.0777 7.2 -10.0 7.2 0.2536 0.0145 1800 26.7
58292.85135 0.64129 3.59 7.0688 7.2 -5.1 7.2 0.2780 0.0145 1800 26.8
58295.83519 0.63730 2.54 7.0811 5.1 -10.3 5.1 0.2655 0.0100 1800 36.2
58295.85638 0.63307 2.58 7.0843 5.2 -1.5 5.2 0.2632 0.0108 1800 36.0
58298.78493 0.64344 3.00 7.0801 6.0 -9.0 6.0 0.2741 0.0119 1800 31.5
58298.85235 0.65183 3.37 7.0844 6.7 -2.6 6.7 0.2603 0.0137 1800 28.6
58306.81818 0.63824 5.89 7.0798 11.8 -11.8 11.8 0.2418 0.0280 1800 18.5
58306.85366 0.64448 4.81 7.0616 9.6 -21.1 9.6 0.2636 0.0235 1800 21.7
58307.83986 0.64326 2.79 7.0759 5.6 -7.6 5.6 0.2303 0.0121 1800 33.8
58307.89270 0.64364 3.85 7.0774 7.7 -9.3 7.7 0.1984 0.0192 1800 26.1
58309.84695 0.64134 3.70 7.0563 7.4 -8.8 7.4 0.2404 0.0179 1800 26.7
58309.86856 0.64961 3.72 7.0774 7.4 3.0 7.4 0.2505 0.0184 1800 26.7
58310.83607 0.63253 3.91 7.0765 7.8 -27.7 7.8 0.2574 0.0176 1800 25.4
58310.93220 0.64379 2.73 7.0533 5.5 -2.1 5.5 0.2307 0.0130 1800 34.7
58311.85812 0.63401 3.70 7.0329 7.4 -26.6 7.4 0.2190 0.0174 1800 26.5
58311.87890 0.64133 3.41 7.0551 6.8 -12.2 6.8 0.2477 0.0158 1800 28.5
58312.78337 0.62907 2.91 7.0687 5.8 -5.6 5.8 0.2445 0.0120 1800 32.1
58312.80435 0.62907 2.92 7.0671 5.8 -24.3 5.8 0.2263 0.0124 1800 32.2
58334.68745 0.65190 3.25 7.0722 6.5 11.4 6.5 0.2911 0.0142 1800 29.2
58335.70929 0.62999 5.11 7.0627 10.2 -6.3 10.2 0.2028 0.0245 1800 20.7
58335.77584 0.64210 3.39 7.0884 6.8 -9.0 6.8 0.2602 0.0155 1800 28.6
58336.71081 0.63754 2.98 7.0712 6.0 -16.5 6.0 0.2630 0.0122 1800 31.3
58336.77381 0.63792 3.46 7.0805 6.9 0.1 6.9 0.2323 0.0161 1800 28.0
58336.88642 0.63870 3.63 7.0751 7.3 9.7 7.3 0.2557 0.0178 1800 27.3
58338.89994 0.62874 4.11 7.0753 8.2 3.5 8.2 0.2348 0.0234 1800 24.8
58339.70411 0.63470 2.64 7.0711 5.3 -9.0 5.3 0.2376 0.0104 1800 34.5
58339.75402 0.62799 2.78 7.0536 5.6 -4.8 5.6 0.2352 0.0120 1800 33.5
58341.68094 0.64922 4.38 7.0387 8.8 -15.6 8.8 0.2446 0.0195 1800 22.9
58341.80931 0.64243 4.61 7.0299 9.2 -9.3 9.2 0.2242 0.0205 1800 21.7
58341.89764 0.64930 3.57 7.0545 7.1 -13.3 7.1 0.2043 0.0194 1800 27.9
58342.65721 0.64728 4.69 7.0674 9.4 3.0 9.4 0.2220 0.0203 1800 21.6
58342.90281 0.63838 3.42 7.0514 6.8 -7.9 6.8 0.2171 0.0194 1800 29.1
58343.68619 0.64121 7.02 7.0560 14.0 -0.7 14.0 0.2056 0.0375 1800 16.1
58343.75359 0.61768 8.24 7.0511 16.5 8.5 16.5 0.2560 0.0486 1800 14.5
58344.66308 0.63558 2.62 7.0574 5.2 -19.6 5.2 0.2504 0.0098 1800 34.5
58344.73397 0.63875 3.07 7.0678 6.1 -5.5 6.1 0.2181 0.0136 1800 30.9
58344.80023 0.62905 4.15 7.0413 8.3 -4.6 8.3 0.2748 0.0215 1800 24.3
58346.65788 0.64317 2.43 7.0551 4.9 -11.1 4.9 0.2550 0.0089 1800 36.9
58346.72846 0.64000 2.52 7.0649 5.0 -6.5 5.0 0.2488 0.0113 1800 36.7
58347.66173 0.64481 2.19 7.0706 4.4 -12.6 4.4 0.2375 0.0077 1800 40.8
58347.80065 0.64974 2.58 7.0596 5.2 -11.0 5.2 0.2336 0.0126 1800 36.4
58349.67671 0.64287 3.52 7.0571 7.0 5.3 7.0 0.2316 0.0153 1800 27.5
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Time RV σRV FWHM σFWHM BIS σBIS SMW σSMW Texp S/N
58349.75317 0.64453 3.16 7.0692 6.3 -22.1 6.3 0.2476 0.0143 1800 30.2
58350.61713 0.64621 4.01 7.0618 8.0 -15.4 8.0 0.2368 0.0174 1800 24.8
58350.69100 0.64525 2.55 7.0724 5.1 -15.4 5.1 0.2278 0.0103 1800 36.2
58350.76720 0.64174 2.91 7.0616 5.8 -16.6 5.8 0.2376 0.0135 1800 32.6
58351.61917 0.64931 3.57 7.0676 7.1 -14.4 7.1 0.2555 0.0154 1800 27.3
58351.85181 0.64384 3.26 7.0692 6.5 -22.7 6.5 0.2263 0.0189 1800 30.2
58352.66763 0.63827 2.67 7.0782 5.3 -10.9 5.3 0.2519 0.0106 1800 34.6
58352.71171 0.64317 2.76 7.0808 5.5 -4.0 5.5 0.2413 0.0124 1800 34.2
58352.76784 0.64613 2.39 7.0593 4.8 -8.1 4.8 0.2517 0.0113 1800 39.2
58362.80959 0.63901 11.82 7.0614 23.6 6.8 23.6 0.1411 0.0709 1800 10.8
58363.61078 0.63047 3.49 7.0380 7.0 -14.9 7.0 0.2109 0.0151 1800 27.5
58363.71811 0.63923 2.75 7.0474 5.5 -25.5 5.5 0.2297 0.0136 1800 34.3
58363.81133 0.63093 3.82 7.0228 7.6 -11.2 7.6 0.2731 0.0224 1800 26.4
58365.78692 0.63255 3.59 7.0524 7.2 -17.6 7.2 0.2406 0.0199 1800 27.9
58365.85687 0.64228 3.73 7.0503 7.5 4.8 7.5 0.2558 0.0222 1800 27.1
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Table A.4. List of parameters used in the analysis. The respective priors are provided together with the posteriors for the Dartmouth and PARSEC stellar evolution tracks. The posterior values
represent the median and 68.3% credible interval. Derived values that might be useful for follow-up work are also reported.
Parameter Prior Posterior
Dartmouth PARSEC
(adopted)
Stellar Parameters
Effective temperature Teff [K] N(5350.0, 80.0) 5356.3+41.8−13.1 5424.1+21.0−32.0
Surface gravity log g [cgs] N(4.52, 0.15) 4.54+0.02−0.04 4.56+0.01−0.02
Metallicity [M/H] [dex] N(0.15, 0.04) 0.14+0.04−0.04 0.12+0.04−0.03
Distance to Earth D [pc] N(201.66, 6.38) 208.9+6.5−4.9 204.1+4.3−1.0
Interstellar extinction E(B − V) [mag] U(0.0, 1.0) 0.007+0.010−0.005 0.019+0.012−0.012
Systemic radial velocity γ [km s−1] U(−10.0, 10.0) 0.6386+0.0023−0.0026 0.6386+0.0029−0.0026
Linear limb-darkening coefficient ua (derived) 0.4962+0.0051−0.0101 0.4795+0.0097−0.0060
Quadratic limb-darkening coefficient ub (derived) 0.2055+0.0067−0.0032 0.2165+0.0039−0.0062
Stellar density ρ?/ρ (derived) 1.464+0.097−0.186 1.570+0.059−0.092
Stellar mass M? [M] (derived) 0.935+0.019−0.023 0.939+0.011−0.020
Stellar radius R? [R] (derived) 0.863+0.031−0.018 0.841+0.016−0.008
Stellar age τ [Gyr] (derived) 2.8+3.8−1.7 1.2+1.7−0.8
Planet b Parameters
Orbital Period Pb [d] N(2.35322, 0.01) 2.35309+0.00022−0.00022 2.35310+0.00021−0.00022
Transit epoch T0,b [BJD - 2450000] N(7773.317, 0.001) 7773.31683+0.00091−0.00090 7773.31688+0.00096−0.00092
Radial velocity semi-amplitude Kb [km s−1] U(0.0, 0.1) 0.00156+0.00053−0.00053 0.00154+0.00050−0.00054
Orbital inclination ib [◦] S(70.0, 90.0) 87.2+1.2−1.0 87.8+1.5−0.6
Planet-to-star radius ratio kb U(0.0, 1.0) 0.01600+0.00083−0.00076 0.01581+0.00063−0.00060
Orbital eccentricity eb T (0.0, 0.083, 0.0, 1.0) 0.048+0.054−0.033 0.053+0.059−0.038
Argument of periastron ωb [◦] U(0.0, 360.0) 244+32−97 194+64−100
System scale ab/R? (derived) 8.5+0.2−0.4 8.7+0.1−0.2
Impact parameter bb (derived) 0.419+0.164−0.181 0.332+0.095−0.229
Transit duration T14,b [h] (derived) 2.01+0.12−0.12 2.01+0.09−0.08
Semi-major axis ab [AU] (derived) 0.03385+0.00023−0.00029 0.03390+0.00013−0.00024
Planet mass Mb [M⊕] (derived) 3.10+1.05−1.05 3.06+1.01−1.05
Planet radius Rb [R⊕] (derived) 1.510+0.110−0.084 1.454+0.063−0.058
Planet bulk density ρb [g cm−3] (derived) 4.9+2.0−1.7 5.4+2.1−1.9
Planet c Parameters
Orbital Period Pc [d] N(3.55987, 0.01) 3.56004+0.00012−0.00011 3.56004+0.00010−0.00011
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Table A.4 – continued from previous page
Parameter Prior Posterior
Dartmouth PARSEC
Transit epoch T0,c [BJD - 2450000] N(7740.3223, 0.001) 7740.32182+0.00087−0.00089 7740.32191+0.00085−0.00088
Radial velocity semi-amplitude Kc [km s−1] U(0.0, 0.1) 0.00278+0.00050−0.00055 0.00277+0.00056−0.00050
Orbital inclination ic [◦] S(70.0, 90.0) 88.1+0.7−0.7 88.4+0.8−0.7
Planet-to-star radius ratio kc U(0.0, 1.0) 0.02439+0.00065−0.00059 0.02428+0.00063−0.00057
Orbital eccentricity ec T (0.0, 0.083, 0.0, 1.0) 0.045+0.051−0.032 0.036+0.049−0.025
Argument of periastron ωc [◦] U(0.0, 360.0) 200+60−27 238+23−95
System scale ac/R? (derived) 11.1+0.2−0.5 11.4+0.1−0.2
Impact parameter bc (derived) 0.369+0.130−0.136 0.316+0.145−0.162
Transit duration T14,c [h] (derived) 2.38+0.05−0.06 2.38+0.07−0.06
Semi-major axis ac [AU] (derived) 0.04461+0.00030−0.00038 0.04468+0.00018−0.00031
Planet mass Mc [M⊕] (derived) 6.31+1.13−1.23 6.30+1.28−1.14
Planet radius Rc [R⊕] (derived) 2.299+0.120−0.087 2.231+0.081−0.062
Planet bulk density ρc [g cm−3] (derived) 2.8+0.7−0.6 3.1+0.7−0.6
Planet d Parameters
Orbital Period Pd [d] N(5.40478, 0.01) 5.40479+0.00021−0.00021 5.40481+0.00020−0.00021
Transit epoch T0,d [BJD - 2450000] N(7743.1607, 0.001) 7743.15989+0.00091−0.00093 7743.15987+0.00092−0.00094
Radial velocity semi-amplitude Kd [km s−1] U(0.0, 0.1) 0.00303 ± 0.00052 0.00303 ± 0.00051
Orbital inclination id [◦] S(70.0, 90.0) 89.0+0.6−0.6 89.2+0.6−0.5
Planet-to-star radius ratio kd U(0.0, 1.0) 0.02532+0.00067−0.00063 0.02528+0.00064−0.00060
Orbital eccentricity ed T (0.0, 0.083, 0.0, 1.0) 0.043+0.041−0.030 0.033+0.032−0.024
Argument of periastron ωd [◦] U(0.0, 360.0) 83+82−38 79+101−25
System scale ad/R? (derived) 14.7+0.3−0.7 15.1+0.2−0.3
Impact parameter bd (derived) 0.241+0.159−0.152 0.199+0.120−0.146
Transit duration T14,d [h] (derived) 2.70+0.07−0.07 2.68+0.09−0.08
Semi-major axis ad [AU] (derived) 0.05893+0.00040−0.00050 0.05902+0.00023−0.00041
Planet mass Md [M⊕] (derived) 7.92+1.39−1.35 7.94+1.36−1.33
Planet radius Rd [R⊕] (derived) 2.390+0.104−0.084 2.328+0.066−0.061
Planet bulk density ρd [g cm−3] (derived) 3.1+0.7−0.6 3.5+0.6−0.6
Planet e Parameters
Orbital Period Pe [d] N(8.26144, 0.01) 8.26146+0.00021−0.00022 8.26147+0.00022−0.00022
Transit epoch T0,e [BJD - 2450000] N(7740.6451, 0.001) 7740.64558+0.00085−0.00081 7740.64556+0.00085−0.00089
Radial velocity semi-amplitude Ke [km s−1] U(0.0, 0.1) 0.00431+0.00067−0.00067 0.00426+0.00062−0.00063
Orbital inclination ie [◦] S(70.0, 90.0) 88.6+0.3−0.3 88.8+0.4−0.2
Planet-to-star radius ratio ke U(0.0, 1.0) 0.03599+0.00081−0.00073 0.03575+0.00074−0.00075
Orbital eccentricity ee T (0.0, 0.083, 0.0, 1.0) 0.077+0.048−0.049 0.087+0.046−0.050
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Table A.4 – continued from previous page
Parameter Prior Posterior
Dartmouth PARSEC
Argument of periastron ωe [◦] U(0.0, 360.0) 180+40−44 173+58−29
System scale ae/R? (derived) 19.5+0.4−0.9 20.0+0.2−0.4
Impact parameter be (derived) 0.468+0.096−0.126 0.418+0.095−0.140
Transit duration T14,e [h] (derived) 2.97 ± 0.05 2.97 ± 0.05
Semi-major axis ae [AU] (derived) 0.07820+0.00053−0.00066 0.07832+0.00031−0.00055
Planet mass Me [M⊕] (derived) 12.97+1.98−1.99 12.79+1.88−1.91
Planet radius Re [R⊕] (derived) 3.390+0.156−0.110 3.290+0.087−0.084
Planet bulk density ρe [g cm−3] (derived) 1.8+0.4−0.3 2.0+0.3−0.3
Planet f Parameters
Orbital Period P f [d] N(12.75759, 0.01) 12.75758+0.00050−0.00048 12.75758+0.00051−0.00046
Transit epoch T0, f [BJD - 2450000] N(7738.7019, 0.001) 7738.70235+0.00093−0.00092 7738.70227+0.00094−0.00094
Radial velocity semi-amplitude K f [km s−1] U(0.0, 0.1) 0.00047+0.00061−0.00034 0.00042+0.00056−0.00030
Orbital inclination i f [◦] S(70.0, 90.0) 88.8+0.2−0.2 88.9+0.2−0.1
Planet-to-star radius ratio k f U(0.0, 1.0) 0.03085+0.00088−0.00089 0.03049+0.00083−0.00083
Orbital eccentricity e f T (0.0, 0.083, 0.0, 1.0) 0.062+0.064−0.043 0.056+0.060−0.039
Argument of periastron ω f [◦] U(0.0, 360.0) 144+117−80 113+165−54
System scale a f /R? (derived) 26.1+0.6−1.2 26.7+0.3−0.5
Impact parameter b f (derived) 0.560+0.079−0.112 0.508+0.079−0.118
Transit duration T14, f [h] (derived) 3.20 ± 0.08 3.20 ± 0.08
Semi-major axis a f [AU] (derived) 0.10447+0.00070−0.00088 0.10463+0.00041−0.00073
Planet mass M f [M⊕] (derived) 1.63+2.12−1.18 1.46+1.98−1.05
Planet radius R f [R⊕] (derived) 2.904+0.164−0.111 2.803+0.102−0.090
Planet bulk density ρ f [g cm−3] (derived) 0.4+0.5−0.3 0.4+0.5−0.3
Planet g Parameters
Orbital Period Pg [d] N(41.97, 0.1) 41.96797+0.00843−0.00725 41.96841+0.00928−0.00806
Transit epoch T0,g [BJD - 2450000] N(7773.76, 2457773.93) 7773.86156+0.01863−0.03219 7773.87218+0.01034−0.01541
Radial velocity semi-amplitude Kg [km s−1] U(0.0, 1.0) 0.00083+0.00102−0.00058 0.00067+0.00078−0.00047
Orbital inclination ig [◦] S(70.0, 90.0) 89.4+0.4−0.3 89.7+0.2−0.3
Planet-to-star radius ratio kg U(0.0, 1.0) 0.03187+0.00295−0.00250 0.03084+0.00200−0.00212
Orbital eccentricity eg T (0.0, 0.083, 0.0, 1.0) 0.059+0.063−0.040 0.052+0.059−0.036
Argument of periastron ωg [◦] U(0.0, 360.0) 164+92−72 157+105−96
System scale ag/R? (derived) 57.7+1.2−2.6 59.1+0.7−1.2
Impact parameter bg (derived) 0.558+0.284−0.356 0.291+0.256−0.194
Transit duration T14,g [h] (derived) 4.75+0.80−1.42 5.25+0.35−0.66
Semi-major axis ag [AU] (derived) 0.23109+0.00154−0.00196 0.23144+0.00091−0.00162
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Table A.4 – continued from previous page
Parameter Prior Posterior
Dartmouth PARSEC
Planet mass Mg [M⊕] (derived) 4.32+5.26−3.03 3.48+4.05−2.41
Planet radius Rg [R⊕] (derived) 3.013+0.303−0.251 2.837+0.196−0.197
Planet bulk density ρg [g cm−3] (derived) 0.9+1.1−0.6 0.8+1.0−0.6
Instrument-related Parameters
HARPS jitter σ j, RV [km s−1] U(0.0, 0.1) 0.00315+0.00043−0.00039 0.00316+0.00041−0.00040
K2 contamination [%] T (0.0, 0.005, 0.0, 1.0) 0.004+0.004−0.003 0.003+0.004−0.002
K2 jitter σ j, K2 [ppm] U(0.0, 105) 185.8 ± 2.6 186.0 ± 2.6
K2 out-of-transit flux U(0.99, 1.01) 1.0000056+0.0000039−0.0000037 1.0000057+0.0000038−0.0000036
SED jitter [mag] U(0.0, 0.1) 0.019+0.018−0.012 0.015+0.016−0.011
Gaussian Process Hyperparameters
Radial-velocities (joint analysis)
A2 [m s−1] U(0, 100) 5.6+2.9−1.5 5.7+2.7−1.6
λ1 [d] U(3.0, 500) 26+27−16 37+11−19
λ2 U(0, 3) 1.88 ± 0.79 1.72 ± 0.88
Prot [d] N(24.73, 2.2) 25.5 ± 1.7 25.8+1.2−1.8
Photometry (learning on the light curve for activity filtering)
A1 U(0, 1) 0.00293 ± 0.00032
l [d] U(0, 5) 1.444 ± 0.056
Photometry (period learning on the light curve)
A2 U(0, 100) 0.00315 ± 0.00044
λ1 [d] U(3.0, 500) 21.1+3.6−5.9
λ2 U(0, 3) 0.411+0.057−0.027
Prot [d] U(15, 40) 24.73+0.30−2.20
Full Width Half Maximum (period learning on the FWHM time series)
A2 [km s−1] U(0, 10) 0.01720+0.0051−0.0028
λ1 [d] U(0, 1000) 3.9+50.0−1.4
λ2 U(0, 1000) 118+600−120
Prot [d] U(5, 40) 25.8+7.7−12.0
Bisector Inverse Slope (period learning on the BIS time series)
A2 [km s−1] U(0, 10) 0.042+0.150−0.030
λ1 [d] U(0, 1000) 764+170−280
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Table A.4 – continued from previous page
Parameter Prior Posterior
Dartmouth PARSEC
λ2 U(0, 1000) 453 ± 380
Prot [d] U(5, 40) 22 ± 13
Hα index (period learning on the Hα index time series)
A2 U(0, 10) 0.36+0.88−0.30
λ1 [d] U(0, 1000) 737 ± 260
λ2 U(0, 1000) 281+440−230
Prot [d] U(5, 40) 26.3+5.7−2.8
Na i D index (period learning on the Na i D index time series)
A2 U(0, 10) 0.01500+0.0052−0.0031
λ1 [d] U(0, 1000) 10.8 ± 2.7
λ2 U(0, 1000) 435 ± 390
Prot [d] U(5, 40) 22 ± 12
SMW index (period learning on the SMW index time series)
A2 U(0, 10) 0.0304+0.0090−0.0061
λ1 [d] U(0, 1000) 7.7 ± 1.7
λ2 U(0, 1000) 482 ± 360
Prot [d] U(5, 40) 23 ± 12
Notes:
• N(µ, σ2): Normal distribution with mean µ and width σ2
• U(a, b): Uniform distribution between a and b
• S(a, b): Sine distribution between a and b
• T (µ, σ2, a, b): Truncated normal distribution with mean µ and width σ2, between a and b
A
rticle
num
ber,page
23
of23
